Lytic development of bacteriophage Mu is controlled by a regulatory cascade and involves three phases of transcription: early, middle and late. Late transcription requires the host RNA polymerase holoenzyme and a 16.5-kDa Mu-encoded activator protein C. Consistent with these requirements, the four late promoters P lys , P I , P P and P mom have recognizable À10 hexamers but lack typical À35 hexamers. The C protein binds to a 16-bp imperfect dyadsymmetrical sequence element centered at À43.5 and overlapping the À35 region. Based on the crystal structure of the closely related Mor protein, the activator of Mu middle transcription, we predict that two regions of C are involved in DNA binding: a helix-turn-helix region and a b-strand region linking the dimerization and helix-turn-helix domains. To test this hypothesis, we carried out mutagenesis of the corresponding regions of the C gene by degenerate oligonucleotide-directed PCR and screened the resulting mutants for their ability to activate a P lys -galK fusion. Analysis of the mutant proteins by gel mobility shift, b-galactosidase and polyacrylamide gel electrophoresis assays identified a number of amino acid residues important for C DNA binding in both regions.
INTRODUCTION
Bacteriophage Mu is a temperate phage capable of growth on many enteric bacteria, including Escherichia coli K-12 (E. coli). Upon infection, Mu DNA inserts almost randomly into host DNA and then enters either a lysogenic or lytic pathway (1) (2) (3) . Expression of the Mu c repressor protein is required for maintenance of the repressed prophage in the lysogenic state. In the absence of repression or after heat induction of a cts mutant prophage, phage development proceeds via a lytic pathway which is controlled by a regulatory cascade involving three phases of rightward transcription: early, middle and late (4) (5) (6) . Mu transcription is catalyzed by the host RNA polymerase (RNAP) which is required throughout the lytic cycle for the production of phage particles (7) . Early transcription initiates from P e and requires neither de novo protein synthesis nor Mu DNA replication (6, 8) . Middle transcription initiates from the middle promoter P m and requires both DNA replication and Mor, an activator protein encoded by the Mu early transcript (5, 6, 9) . Late transcription requires the Mu C protein encoded by the middle transcript; C activates transcription from the four late promoters: P lys , P I , P P and P mom (10) (11) (12) (13) (14) (15) .
Consistent with their need for an activator, the Mu late promoters P lys , P I and P P contain À10 hexamers but lack recognizable À35 hexamers (12) ( Figure 1A ). In P mom the sequence ACCACA is proposed to serve as a À35 element, making the spacing between the À10 and À35 elements 19 bp instead of the typical 17 bp (16) (17) (18) . DNAse I footprinting of P lys and P mom showed that binding of C protein protects the region from about À30 to about À55 (15, 18, 19) . Deletion mapping of plasmid-borne P lys showed that P lys bases À60 to +8 (relative to the transcription start site, +1) are sufficient for C-dependent transactivation (20) . Analysis of an extensive collection of single base-substitution mutations in P lys indicated that, in addition to the À10 region, a 19-bp region from À52 to À34 containing the C footprint is required for normal levels of C-dependent promoter activity (20) . Similar, more limited, analysis of the P mom promoter demonstrated the importance of this region in P mom function as well (21) . In both promoters this region contains an imperfect dyad-symmetrical sequence element which is proposed to serve as the binding site for a C dimer (15, 18, 20, 21) . Consistent with this hypothesis, C was found to form a dimer in solution in chemical crosslinking and gel-shift experiments (19, 22) .
Work on the interaction of C with P mom (23) and Mor with P m (24, 25) suggests that there are both similarities Bars show the bases protected by C protein in DNAse I footprinting experiments with P lys and P mom (19, 56) . Inverted arrows indicate the proposed dyad-symmetry elements required for C binding as determined from sequence inspection and properties of promoter mutants (20, 21) . The squiggly arrow represents the start (+1) and direction of transcription (rightward). The shaded hexamer in P mom identifies the proposed À35 element. Below the sequences are the consensus À10 and À35 hexamers with the spacing (17 bp) for a typical E. coli promoter (16, 17) ; capitalized positions are the most important for promoter strength (16, 17) . (B) Amino acid sequence alignment of Mor and C proteins. The alignment shown was derived from a 15-member family alignment (29) with black and dark gray indicating invariant and chemically conserved residues, respectively, in that alignment. Light gray shading shows additional residues that are identical or chemically conserved between C and Mor (shading has been left out from positions in which residues are conserved in the 15-member alignment, but not in C and Mor). The two-headed arrows between the sequences show the amino acids corresponding to the typical 20 amino acid HTH DNA binding motif (32) . (C) Three plasmids used in this work (not drawn to scale). Plasmid pYJ18 is the C expression plasmid with P T7 and P lacSYN driving transcription of the wild-type (pYJ18) and mutant C genes. The negative control plasmid pYJ38 was made by deleting the C DNA segment between the NarI and HindIII sites. Plasmid pYJ12 is the reporter plasmid used for screening C mutant properties; it expresses galK under P lys control and lacZ under P rep control. Finally, pLC18 S and pLC180 are the reporter plasmids with lacZ transcribed under P lys control with promoter sequences À52 to +8 for pLC18 S and À60 to +8 for pLC180; they were used for quantitative b-galactosidase assays reflecting the ability of the mutant C proteins to activate P lys . and differences in their activation mechanisms. Binding of each protein to a proposed dyad-symmetrical sequence element is critical for activation as are the immediately adjacent downstream bases (20, 21, 25, 26) . Binding of C caused modest DNA bending ($208-408), and each protein generated hypersensitive sites in footprinting assays carried out with and without RNAP (19, 21, 26) . In the case of Mor-dependent activation of P m , the C-terminal regions of both the alpha (a) and sigma (s) subunits of RNAP are needed for optimal activation (24); whereas neither is required for C-dependent activation of P mom (23) . The C protein plays at least two roles in activation of P mom ; C binding to P mom leads to recruitment of RNAP and also facilitates promoter escape (27) .
The Mu C protein is a small protein of 140 amino acids (16.5 kDa) which shows considerable sequence similarity to the Mu Mor protein, the activator of middle transcription (9) . Previous BLASTP (28) analysis identified 13 additional Mor/C homologs, predominantly in prophage sequences in bacterial genomes, making Mor and C the founding members of a new family of transcription factors (29) . Recent BLASTP analyses identified more than 40 family members (data not shown). These proteins are small ($100-150 amino acids) and exhibit a preponderance of acidic amino acids in the N-terminal half, basic amino acids in the C-terminal half, and a predicted helix-turn-helix (HTH) DNA-binding motif near the C-terminus as shown in Figure 1B (9, 11, 13, (30) (31) (32) .
The crystal structure of Mor protein for Mor amino acids 27 to 120 was determined to 2.2 Å resolution (29) . The structure (Figure 2A ) contains a Mor dimer with a single dimerization domain formed by the intertwining of helices a1 and a2 of both monomers to form a 4-helix bundle. Flanking that central domain are the two HTH domains, one from each monomer. In the linker between the two domains of each monomer there is a b-strand which interacts in an anti-parallel fashion with the b-strand of the other monomer. In this structure, the side chains of conserved b-strand residues Q68 and Y70 of Mor extend away from the protein ( Figure 2B ), and those of the hydrophobic residues V69, I71 and P72 point toward the hydrophobic interior, forming a cap on the dimerization domain. When the structural coordinates of the HTH domain of Mor were compared with those of other proteins, the TrpR protein HTH region was the most similar (r.m.s.d. 1.5), leading to the prediction that Mor, like TrpR, would use 'ends on' base recognition binding by residues in the central turn of the HTH motif and in the N-terminal region of the following recognition helix (Mor a5) to interact in the DNA major grooves. Since those HTH regions were too far apart to contact two adjacent major grooves, Kumaraswami et al. (29) proposed that the protein would undergo a conformational change in which the HTH domains would be rotated up away from the dimerization domain and closer together to contact bases in the DNA major groove ( Figure 2D ). That conformational change could bring the b-strands close to the DNA minor groove located between the two major grooves, potentially allowing interaction of side chains Q68 and Y70 with the minor groove and intercalation of one or more nearby hydrophobic residues into the minor groove.
To test whether the predicted b-strand and HTH regions of C are important for its DNA binding we used degenerate oligonucleotide mutagenesis of both the b-strand and HTH regions, screened for activationdeficient mutants, and then characterized the properties of the mutant proteins in vivo and in vitro. The results support the prediction that the regions containing both the predicted HTH motif and b-strand are important for DNA binding by C.
MATERIALS AND METHODS

Media, chemicals and enzymes
Minimal medium was M9 (33) supplemented with vitamin B1 and a carbon source, as well as amino acids and antibiotics when needed; minimal plates contained in addition 1.5% Bacto-agar (Difco laboratories, Detroit, MI, USA). Minimal medium supplemented with 0.2% casamino acids (M9CA) was used for b-galactosidase assays (33) and protein over-expression. Liquid Luria broth (LB) and LB plates (5) were used for routine cell growth purposes. MacConkey lactose or galactose plates containing only 0.5% sugar (half the normal amount) were made with 40 g Difco MacConkey Agar Base and 5 g lactose or galactose per liter.
Ampicillin (Ap; U.S. Biochemical Corp., Cleveland OH, USA) and chloramphenicol (Cm; Sigma Chemical Co., St. Louis, MO, USA) were used as necessary at 50 and 25 mg/ml, respectively, unless indicated otherwise. Isopropyl-b-D-thiogalactopyranoside (IPTG) and o-nitrophenyl-b-D-galactopyranoside were from American Bioorganics Inc., Niagara Falls, NY, USA. Radiolabeled compounds were purchased from DuPont NEN, Boston, MA, USA. Acrylamide, bisacrylamide, N,N, N 0 ,N 0 -tetramethylethylenediamine and protein molecular mass markers were from BioRad, Hercules, CA, USA. Ammonium sulfate, polyethyleneimine (PEI), phenylmethylsulfonyl fluoride (PMSF), NP-40 and 2-deoxygalactose were from Sigma Chemical Co. Both SeaKem ME and NuSieve GTG agarose were from FMC Bioproducts, Rockland, ME, USA.
Shrimp alkaline phosphatase, dNTPs, Sequenase 2.0, labeling and termination mixes were from U.S. Biochemical Corp (USB). The enzymes EcoRI, BamHI and Taq polymerase were from Boehringer Mannheim Biochemicals, Indianapolis IN, USA; T4 polynucleotide kinase was from Promega Corporation, Madison, WI, USA; other restriction enzymes were from New England BioLabs, Beverley, MA, USA. All enzymes were used according to the manufacturer's recommendations.
Bacterial strains and strain construction
The bacterial strains used are all derivatives of E. coli K12 strain JM109 (mcrA ÁproAB-lac thi gyrA endA hsdR relA supE44 recA/F 0 traD36 lacI Q lacZDM15 proAB
DlacZY, was the host strain used for in vivo b-galactosidase assays following introduction of the promoter and from the left end and proceeding rightward these triangles indicate restriction sites NdeI, MunI, ClaI, XhoI, SalI, AflII, SacI, BpuI102I, NarI, DraIII, (BstXI), BanII, (BglII), BsshII, HindIII and (AatII). The secondary structure elements, a helix (oval) and b-strand (arrow), from the crystal structure of Mor are shown at their corresponding positions in C as shown in Figure 1B ; the dashed oval represents an additional a helix in C that was predicted by the protein structure prediction program PHD (57) . The HTH near the C-terminus indicates the positions of the helix-turn-helix DNA-binding motif as predicted by the method of Dodd and Egan (30, 31) . Brackets with Roman numerals at the top of the figure show the regions mutagenized in the three different cassettes. The arrows and numbers below the solid line identify the amino acid positions with single amino acid changes; the letters indicate the wild-type amino acid and mutant amino acid at that position, respectively, using the single letter amino acid code.
protein expression plasmids (26) . Strain MH12802 is JM109 containing the pLC3 plasmid, which encodes C protein under the control of a P lacUV5 promoter (20) . Strains MH13708 and MH14607 were made by transformation of MH13312 with plasmids pLC18 S or pLC180, respectively. Strain MH13355 is a derivative of JM109(DE3), containing a different F 0 factor, F 0 pro + lacI Q1 DlacZY and the lambda DE3 prophage encoding phage T7 RNAP under P lacUV5 control (26) . A spontaneous galK mutant derivative of MH13355, designated MH13881, was selected by its resistance to 2-deoxygalactose (34) by plating on minimal plates containing 0.2% each of 2-deoxygalactose and glycerol and then screening of resistant mutant colonies on MacConkey galactose plates for a Gal À mutant (white colony) that became Gal + (red colony) upon transformation with plasmid pYJ12 containing a wild-type galK gene. The derivative of MH13881 carrying pYJ12, MH13906, was used in assays of promoter activation by mutant C proteins.
Plasmids and plasmid construction
Plasmid pLC1 is a lacY derivative of the promoterless lacZ fusion vector pRS415 (35) generated by deletion of the SnaBI fragment in lacY (20) . Cloning of a promoter into the EcoRI-SmaI-BamHI linker in pLC1 or pRS415 generates a promoter-lacZ fusion suitable for analysis of promoter activity. Plasmid vector pIA12 is a derivative of pLC1 with an additional unique HindIII site located just upstream of the EcoRI site (26) . Plasmid pLC180 ( Figure 1C ) is a new derivative of pLC1 with the lacZ gene under the control of the Mu P lys promoter (À60 to +8). Plasmid pLC18 S (made previously and designed to be identical to pLC180) was recently found to contain only P lys sequences À52 to +8. Comparison of the two plasmids showed only minor differences:
(i) induction of wild-type C in vivo resulted in only slightly ($23%) higher promoter activity from pLC180 (9506 AE 604) than from pLC18 S (7705 AE 821), and (ii) gel shift assays with both promoter sequences using crude extract and purified C protein gave shifted bands of similar intensity (19) .
The transactivator plasmid pZZ13, derived from pACYC184 (36,37), has the Mu C gene under the control of both P lacUV5 and P T7 promoters (19) . Plasmid pZZ41 is similar to pZZ13 except that a more repressible synthetic P lac promoter, designated P lacSYN , was substituted for P lacUV5 (19) . Unique silent restriction sites were introduced into the C gene to facilitate subsequent cassette mutagenesis. The approach involved multi-step PCR with oligonucleotides containing site-directed mutations, followed by restriction digestion and cloning into existing NdeI, BstXI and BamHI sites in or flanking the C gene in pZZ13. Then, the NdeI-BamHI fragment containing the entire C gene was cloned into pZZ41 replacing the wild-type C gene to generate the final C expression vector pYJ18 ( Figure 1C) . DNA sequence analysis confirmed that pYJ18 contains the desired restriction sites and encodes C protein with the wild-type C amino acid sequence. A control experiment showed that plasmids pYJ18 and pZZ41 promoted similar levels of P lys -lacZ transactivation in vivo as shown by relative b-galactosidase units of 1000:861 for pYJ18:pZZ41 as assayed in strain MH13708 containing the pLC18 S reporter plasmid. Oligonucleotide sequences, restriction sites and details of the construction will be provided upon request. The negative control plasmid, pYJ38, which is missing most of the C gene, was derived from pYJ18 by deleting the NarI-HindIII fragment from C.
Plasmid pYJ12 was constructed to facilitate the screening of mutant C protein activity by colony color on MacConkey plates; it contains two reporter systems: a P lys -galK fusion to assay promoter activation by C and a P rep -lacZ fusion to assay DNA binding by C by its ability to repress the constitutive synthetic promoter P rep . First, the 1686-bp PstI-EcoRI fragment from the P rep -lacZ plasmid pYJ3 containing five copies of the TI terminator was cloned into the promoterless galK transcription fusion vector pKO4 (38, 39) to generate pYJ6. Then, P lys was introduced between the terminator and galK gene by cloning the pLC18 S P lys EcoRI-BamHI fragment into corresponding sites of pYJ6 to generate pYJ7. The unique restriction sites BsmBI and DraII in pYJ7 were changed to unique SalI and XbaI sites by cloning an adapter. To prepare the P rep -lacZ plasmid pYJ3 to receive the P lys -galK fusion, an XbaI linker was cloned into the SnaBI site of pYJ3 to create pYJ8. Finally, the 2480-bp XbaI-SalI fragment from pYJ11 was cloned into pYJ8 to generate pYJ12. 
Oligonucleotide synthesis
Oligonucleotides were synthesized by the University of Tennessee Molecular Resource Center on an Applied Biosystems (Foster City, CA, USA) DNA synthesizer (Model 380B) using the phosphoramidite method (40) . For each degenerate oligonucleotide primer (20, 41) , degeneracy was introduced into a 45-47 nt targeted region and synthesis was accomplished with a mixture of 98% of the correct phosphoramidite and 2% of a 1:1:1:1 mixture of dA, dC, dG and dT phosphoramidites to yield on average 0.8 mutations per DNA strand. For site-specific mutagenesis the desired nucleotides were used for synthesis at the appropriate positions. When necessary, restriction sites for cloning were added at the 5 0 -ends of primers and were preceded by three to six bases for efficient digestion. Oligonucleotides were purified by ether extraction and ethanol precipitation (20) prior to use. The sequences of oligonucleotides will be provided upon request.
Mutagenesis and mutation identification
Three regions of the C gene in pYJ18 were mutagenized by cloning three separate cassettes made by PCR with oligonucleotides containing degeneracy in specific targeted regions (20, 41) . The primers (YJ24, YJ26 and YJ27 for regions I, II and III, respectively) were used with convenient wild-type opposing primers in separate PCR reactions, and the products were cloned into pYJ18 by using restriction enzymes whose sites flanked the cassette. Strain MH13906 containing the P lys -galK, P rep -lacZ reporter plasmid (pYJ12) was transformed with each ligation mixture, and transformants were selected by plating on MacConkey galactose indicator plates containing ampicillin and chloramphenicol but lacking IPTG. White Gal À colonies containing C plasmids defective for P lys activation were then assayed for C-dependent repression of the constitutive promoter P rep by streaking on MacConkey lactose (with only 0.5% lactose) plates with and without 10 À2 mM IPTG to induce moderate levels of C production. By design, colonies that were red on both plates (with and without IPTG) were to contain plasmids with candidate DNA binding-defective mutations in C; in practice this repression assay was found to be unreliable, so the next assay used for mutant characterization was SDS-PAGE (42) to determine the size of the over-expressed mutant C protein, and examination of the mutants for DNA binding was deferred to a later step.
Plasmid templates for sequencing were isolated using a QIAprep spin purification kit (Qiagen, Valencia, CA, USA) or a standard alkaline denaturation DNA miniprep procedure (43) . Templates were denatured in 0.2 M NaOH for 10 min at 658C, neutralized, ethanol precipitated and sequenced with Sequenase (USB) and dideoxynucleotides using standard USB protocols. The mixtures were run on 6% polyacrylamide sequencing gels, which were fixed, dried and exposed to X-OMAT AR film (Kodak, Rochester NY, USA) to visualize the band pattern.
Characterization of mutant proteins
Protein production and detection. Derivatives of strain MH13881 carrying pYJ18 or its C-mutant forms were grown to $2 Â 10 8 cells/ml at 378C in LB medium and induced with 1 mM IPTG for 90 min. Cells from 0.5 ml of culture were collected by centrifugation (9000g for 10 min), resuspended in 100 ml buffer H (25 mM HEPES, pH 7.5 at room temperature; 0.5 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM MgCl 2 , 1mM CaCl 2 , 50 mM NaCl, 5% glycerol, 0.1% NP40) and lyzed by boiling in 125 ml of sample buffer (42) . Then, 40-ml portions were subjected to electrophoresis on 15% polyacrylamide gels containing sodium dodecyl sulfate (SDSÀPAGE) and stained with Coomassie blue to detect the sizes and levels of the mutant C proteins.
For preparation of crude extracts for gel retardation assays, overnight LB cultures of the above strains were diluted 1:33 into 50 ml M9CA minimal medium supplemented with 25 mg/ml Cm and grown at 378C to an A 600 of 0.6. After addition of IPTG to 1 mM, the cells were grown for 90 min at 378C, collected by centrifugation (9000 g for 10 min), resuspended in 5 ml buffer H and lyzed by sonication. Cell debris was removed by centrifugation at 9000g for 10 min, and the supernatant, designated crude extract, was distributed into aliquots, and stored at À708C. The relative concentration of C protein in each extract was estimated by electrophoresis in 15% PAGE with SDS in TrisÀglycine buffer for about 4 h, followed by staining with Coomassie blue (42) , visual comparison of C protein staining intensity, and dilution of the extracts to achieve comparable amounts of C protein in each sample.
Analysis of DNA binding activity. The ability of C proteins to bind to P lys was determined by a gel retardation assay performed essentially as described by Carey (44) utilizing a probe containing P lys sequence À52 to +8 made by PCR from pLC18 s with 32 P-labeled oligonucleotides LIL1 and LIL2 (20) . Probes were purified by using a QIAquick spin PCR purification kit (Qiagen), and their concentrations were determined on an ethidium bromide stained agarose-mini gel (45) . Binding reactions contained 10-20 ng of probe and were conducted in 40 ml of modified buffer H containing 1% NP40 and 7% glycerol for 15 min at room temperature. Reactions were loaded on 10% acrylamide gels (29:1), 0.5Â TBE, and run for 4 hr at 88C at 15 V/cm. Gels were exposed overnight to X-OMAT AR film (Kodak) without drying.
Quantitative assay for transcription activation. Plasmid pYJ18 and its C-mutant derivatives were transformed into strain MH13708 containing the P lys -lacZ reporter plasmid pLC18 s for P lys activation assays ( Figure 1C ). Cells were grown in 10 ml of M9CA to A 600 0.3-0.5 at 378C, induced for C production by addition of IPTG to 2 mM and grown at 378C for 1 hr. Uninduced controls and a wild-type C control culture were included in each set of assays. Assays for b-galactosidase were performed as described by Miller (33) with minor modifications (20) . The b-galactosidase units were calculated and normalized relative to those of the parallel induced wild-type control (set to 1000 U) to minimize the effect of day to day variation; values over 10 days for activation of the reporter pLC18 s by wild-type C ranged from 6256 to 9185 Miller units with an average of 7705 AE 821.
RESULTS
Design of mutagenesis and reporter plasmids
Two plasmids were constructed, one (pYJ18) to allow efficient production of C mutants by cassette mutagenesis and the other (pYJ12) to facilitate detection of the DNA binding and transactivation abilities of the mutant C proteins. The cassette mutagenesis plasmid pYJ18 contains a modified C gene, which was altered by introduction of a number of unique 'silent' restriction sites as described in Materials and methods section ( Figure 2E ). These sites are called 'silent' because the C protein encoded by pYJ18 has the wild-type C amino acid sequence; pYJ18 produces slightly better than normal transactivation activity in vivo (see Materials and methods section). Plasmid pYJ18 carries this altered C gene under both P lacSYN and P T7 control. Induction of P lacSYN with IPTG leads to production of relatively physiological levels of C protein for assays of activation in vivo. In a host containing DE3, which carries the T7 RNA polymerase gene under P lacUV5 control, IPTG induction leads to substantial overproduction of C which is lethal to the host cell but suitable for preparation of crude extracts for gel-shift analysis, estimation of C protein size and quantity, and purification of C protein.
The second plasmid, pYJ12, carries two reporter systems: a P lys -galK fusion to assay promoter activation by C and a P rep -lacZ fusion to assay binding of C to DNA by its ability to repress the constitutive promoter P rep . P rep is a synthetic promoter which contains a perfectly symmetrical strong C binding site overlapping the À10 and +1 region of the promoter such that binding of C represses transcription. As designed, introduction of mutagenized derivatives of pYJ18 into a host strain carrying pYJ12 (MH13906) would allow for fast and convenient assays for C DNA binding and transactivation functions by the colony color on MacConkey galactose and MacConkey lactose indicator plates. Transactivation-defective mutants would give white colonies on MacConkey galactose plates; whereas, DNA binding-defective mutants would give red colonies on MacConkey lactose plates. In practice, the screening assay for transactivation worked very well, allowing detection of mutants with varying levels of transactivation by the range of colony colors on MacConkey galactose plates. In contrast, the P rep repression assay was sufficiently leaky that all colonies eventually turned red, so its use was limited to early stages of mutant isolation.
Mutagenesis
The mutagenesis strategy was to target mutations specifically to the b-strand and HTH regions of the C gene using three degenerate oligonucleotide primers. PCR with pairs of one wild-type and one degenerate primer (20, 46) was used to generate the three populations of mutant cassettes which were cloned into the C gene in the expression vector pYJ18, replacing the wild-type sequence in that region. The primers were synthesized under conditions predicted to result in a 1.5% mis-incorporation rate per nucleotide over the mutagenized region, producing primer populations that on average should have $44% with wild-type sequence, $36% with single mutations, $15% with double mutations and $5% with more than two mutations (46) .
The mutagenized plasmid libraries were transformed into MH13906 (containing pYJ12; Figure 1C ) and transformants were screened for transactivation of the P lys -galK fusion on MacConkey galactose plates. The transformants were next assayed for the size and quantity of C protein produced by using SDS-PAGE and Coomassie staining of proteins from IPTG-induced cells lyzed by boiling in sample buffer. As shown in Figure 3A , induction with IPTG resulted in high level expression of wild-type or mutant C protein from the T7 promoter, as demonstrated by an intense band corresponding to C protein on the gel. Some mutants gave over-expressed C protein with the same migration as wild-type C, for example, Figure 3A mutant 77. Others produced protein which appeared to be larger or smaller than wild-type C, for example, Figure 3A -mutants 148 and 254. Others showed no over-expressed protein band at all (data not shown), suggesting that the C protein made was unstable and rapidly degraded. For the mutants that produced an intense protein band with a migration similar to that of wild-type C, the C gene was sequenced on both strands within and beyond the entire cloned cassette. Figure 2E shows the locations of the mutations and identity of mutant proteins with single amino acid changes.
Gel retardation assay
A gel mobility shift assay was used to test the DNA-binding ability of the mutant proteins with single amino acid substitutions. Crude cell extracts containing roughly similar amounts of overproduced C protein were assayed for binding to a wild-type promoter DNA fragment containing P lys S (À52 to +8). All of the mutant proteins (identified in Figure 2E ) were defective in DNA binding as reflected by the absence of a detectable shifted band. Figure 3B shows representative results from gel-shift assays of two such mutants. Most mutant proteins gave results similar to those for protein 110ST (Figure 3B ), that is, no detectable DNA binding. Approximately onethird gave results similar to those for protein 115YD ( Figure 3B ), which we interpret as weak unstable binding.
Transactivation assay
A more quantitative assessment of the transactivation ability of the mutant C proteins was obtained by transformation of the mutant plasmids into E. coli strain MH13708 containing the P lys -lacZ reporter plasmid pLC18 S and performing liquid b-galactosidase assays. All assays were done in parallel with strains containing pYJ18 (wild-type C) and pYJ38 (C gene deleted) as positive and negative controls, respectively. These results showed that all the DNAbinding defective mutants are severely defective in transactivation, producing less than 5% of wild-type levels of transactivation (data not shown).
DISCUSSION
The results presented here demonstrate that the b-strand and HTH regions of C protein are important for its DNA binding and transactivation functions. Mutations in regions II and III are located within or just downstream of the predicted HTH DNA-binding motif characteristic of many transcription regulators [for reviews see (32, (47) (48) (49) (50) ]. In the crystal structure of Mor, the analogous residues make up helices a4 and a5 in the three-helix bundle of the HTH domain (29) . In the well characterized 20 amino acid HTH motif (30) (31) (32) , amino acids at positions 4, 8, 10, 15 and 18 are usually hydrophobic, and both Mor and C have hydrophobic residues at these positions. For C these residues are 103L, 107Y, 109L, 114I and 117I. Thus the severe DNA-binding defects caused by mutations 109LR and 114IN are consistent with their predicted roles in forming the hydrophobic core of the HTH domain. In many HTH proteins, amino acids in the turn and final helix (a5 of Mor) of the HTH make important contacts within the two successive DNA major grooves, leading to its designation as the recognition helix (32) . The structural similarity between the Mor HTH domain and that of TrpR led to the prediction that the Mor HTH would contact the DNA in an 'ends-on' manner, using amino acids in the turn and N-terminus of a5 for these contacts (29) . The analogous C amino acids correspond to 110S-116Q; their involvement is supported by the DNA binding defects caused by mutations 110ST, 113QP, 114IN and 115YD. Taken together, these results provide strong support for the prediction that the C-terminal onethird of C contains an HTH motif which is required for DNA binding.
A number of HTH and non-HTH DNA-binding proteins use more than one motif for DNA binding, with the secondary motif often interacting in the DNA minor groove (48) (49) (50) . The mutations in region I correspond to residues within or flanking the two b-strands observed in the crystal structure of the Mor dimer (Figure 2A and B; 29) and may identify such a secondary binding motif in the Mor/C family of proteins (29) . In the Mor structure this region serves as a linker between the dimerization and HTH domains and contains five invariant amino acids and two highly conserved hydrophobic residues. These correspond to invariant C amino acids 70G, 71G, 75Y, 77P and 79G as well as conserved hydrophobic residues at 74F and 76I ( Figure 1B) . Since the N-terminal residues of Mor a5 that are predicted to bind in two successive major grooves of the DNA are too far apart to reach them ( Figure 2D ), Kumaraswami et al. (29) proposed that the conserved glycines provide pivot points for conformational changes that move the HTH domains from their original positions beside the dimerization domain to new positions above it in order for the HTH motifs to contact the DNA major grooves ( Figure 2D ). This change would bring the b-strand and nearby amino acids of C into close proximity with the DNA minor groove, explaining why the glycine residues are invariant and potentially allowing interaction of the 73Q and 75Y residues with the minor groove ( Figure 2D ). Consistent with this hypothesis, footprinting with the minor groovespecific chemical nuclease 1, 10-phenanthroline copper showed that interaction of C with its binding site in P mom prevented minor groove cleavages seen in the absence of C (22) . Binding of both Mor and C proteins produces a $408 bend in the DNA (21, 26) and Kumaraswami et al. (29) predicted that the DNA will bend away from the protein. Such bends are often generated by intercalation of one or more hydrophobic amino Two-fold serial dilutions of crude extract containing similar amounts of mutant or wild-type C protein were incubated for 15 min at 258C with a 32 P-labeled PCR fragment containing P lys sequence from À52 to +8, then subjected to electrophoresis in the cold for $3 hr. Free probe (F) and bound complexes (B) were detected by autoradiography. All the panels came from a single gel, but three lanes between 115YD and WT C were removed.
acid side chains between the base pairs (51) (52) (53) (54) (55) . The bend angle is dependent on the size and length of the amino acid side chain and the depth of its insertion into the DNA minor groove, generating bends as small as 208 and as large as 1808 (51) (52) (53) (54) (55) . The b-strand in Mor has 68Q and 70Y side chains extending out from the surface of the protein ( Figure 2B ) and 69V, 71I and 72P pointing into the protein, forming a cap on the hydrophobic dimerization domain (29) . This cap may be retained in the DNAbound Mor or one or more of its residues may intercalate into the minor groove. These residues correspond to C amino acids 73Q and 75Y pointing out and hydrophobic residues 74F, 76I and 77P, respectively. Taken together, these arguments explain the serious DNA binding defects caused by mutations 73QL, 77PL and 77PT.
